Liquid ammonia mediated metathetical reactions of disodium chalcogenide (Na2E; Ε = S, Se, Te) and metal halides afforded ternary chalcopyrite-type materials of general formula ABE 2 (A = Cu, Ag; Β = Ga, In; Ε = S, Se), CuSbE 2 (E = S, Se, Te), Cu 12 Sb 4 S ( i 6 . x) , and CuFeS 2 in good yield (> 90 %), in addition to co-produced salt. The reactions, carried out in liquid ammonia at room temperature, afforded X-ray amorphous aggregates. Annealing the purified products at 200-250 °C for 3 hours resulted in single phase, crystalline products of the desired stoichiometry. The annealed products were characterised by X-ray Powder Diffraction (XRD), Energy Dispersive X-ray Analysis (EDXA), Scanning Electron Microscopy (SEM), Fourier Transform Infra-red Spectroscopy (FT-IR) and microanalysis. Attempts at forming ABE 2 (A = Cu, Ag; Β = Al; Ε = S, Se), MFeS 2 (M = Cu, Zn, Cd), AB 2 E 4 (A = Zn, Cd; Β = Cr, Ε = S; Β = V, Ε = Se) and Cd x Hg y Te (χ + y = 1.00) resulted in phase segregation to mixtures of binary metal chalcogenides with similar morphology to the ternary materials.
INTRODUCTION
Chalcopyrite-type ternary semiconducting materials of general formula ABE 2 , where A = Cu, Ag; Β = (Al, Ga, In) or (As, Sb); Ε = S, Se, have long been a subject of academic interest. This results from the chalcopyrite structure being the simplest noncubic, ternary analogue of the well studied binary zinc blende structure. 1 Technological interest stems from the noncubic atomic array, resulting in several important differences in their band structure when compared to binary materials. They show technological potential in the fields of IR and visible LED's, IR detectors, far IR generation and as nonlinear optical materials, with several of these materials being either Ρ or η-type conductors. 1 Specifically, CUA1S 2 and CuGaS 2 not only have direct band gaps in the UV and visible, respectively, but also can be made p-type, thereby finding application in the area of heterojunctions with large bandgap II-VI semiconductors. 1 More recent interest has focused on CuInE 2 (E = S, Se, Te) and their use in highly efficient, hard-radiation solar cells. 1, 2 Their high output stability may also prove them as suitable materials for cathodes in photochemical devices. 3 The band gap in the series Cd x HgyTe (0 < x, y < 1; Σ(χ, y) = 1) varies with composition and can be used in the standardisation of spectroscopic equipment.
Bulk material syntheses of these ABE 2 materials include the use of Group 16 hydrides to precipitate aqueous cations from solution, 4 as well as in direct reaction with metal oxides. 5 Traditional ceramic synthesis of the bulk material involves elemental combination reactions in specially strengthened quartz ampoules 6 that employ elevated temperatures (ca. 800 -1400 °C), long processing times {ca. 3-7 days) and offer little control over material stoichiometry. 7 We have previously shown how metathetical exchange reactions in the solid state between compounds of the form Na x E (E = chalcogen or pnictogen) and metal halides can be used to synthesise binary metal chalcogenides and pnictides. 8 This metathetical route has been extended in recent years with the synthesis of ternary transition-main-group metal compounds. 9 Hallmarks of this solid state metathesis (SSM) route are rapid reaction times (typically a few seconds) and high reaction temperatures (600-800 °C). They are frequently self-propagating and sometimes explosive; total heat of formation of the product mixture is typically 100-200 kcal/mol. Some reaction temperatures exceed 1000 °C. The propagation wave is observed as intense colour flashes and the emission of clouds of volatile material is typical. Unlike many precursor reactions, these by-products are highly ionic in character and so may be easily removed from the markedly less ionic / covalent metal sulfide (to < 0.01 %) 10 simply by trituration with a suitable solvent (water, THF or methanol), although some of the products are solvent sensitive. 10 Lower temperature approaches include solution phase metathetical reactions, carried out in either uncoordinating (e.g. refluxing toluene) 9 or coordinating solvents (e.g. diglyme)," with the reactions proceeding either in solution or at a solution-solid interface. This technique has been used to synthesise a variety of largely binary materials. 911 We have recently published 12 a comparative study of solvent based SSM and traditional SSM in the production of CuInE 2 (E = S, Se, Te). The SSM reactions were simply carried out in an ampoule, sealed under vacuum and heated to 500 °C for 48 h. The analogous solution phase reactions were carried out in toluene at reflux for 72 h.
We report here a convenient, two step, room temperature synthesis of a range of ternary mixed metal chalcogenide materials via the metathetical reaction of sodium chalcogenides with the appropriate metal halides in liquid ammonia.
Preparation of CuInS2 (from the reaction of sodium sulfide with cuprous bromide and indium trichloride)
Ammonia (ca. 15 cm 3 ) was condensed over disodium sulfide (100 mg, 1.28 mmol.) in a Youngstype pressure tube at cor.-78 °C. Disodium sulfide was observed to partially dissolve, giving rise to a deep blue solution. Stoichiometric amounts of InCl 3 (142 mg, 0.64 mmol.) and CuBr (92 mg, 0.64 mmol.) were ground together thoroughly in the glove box and then transferred to the reaction vessel with vigorous stirring of the ammonia solution. Addition of the two halides led to an immediate colour change of the mixture, from blue to green to pale red. The vessel was then sealed and allowed to warm to room temperature, whereby the reaction mixture was stirred continuously. Although the liquid ammonia was observed to change colour upon addition of the reagents (suggesting the presence of solvated species), the bulk of the mixture remained solid state in nature throughout the course of the reaction. After 12-18 h (or once the liquid ammonia was observed to turn colourless) the reaction mixture was cooled to -78 °C and exposed to atmospheric pressure, whereby the ammonia was allowed to evaporate under a dinitrogen gas flow. The product (typically a mixture of black and white material) was then triturated with 3 χ 20 cm of distilled water, typically yielding a black material, before being dried under vacuum. The isolated product was then annealed for 2 h at 200-250 °C. Product analysis, before and after annealing, involved XRD, SEM / EDXA and IR spectroscopy. XRD analysis was also carried out on the pre-washed reaction product.
Preparation of sodium chalcogenide
Na 2 E (E = S, Se, Te) was prepared by the direct combination of stoichiometric quantities of sodium metal and elemental chalcogen in liquid ammonia. These reactions were carried at room temperature in teflon-in-glass Youngs-type pressure vessels, using Schlenk techniques. Once prepared, the sodium chalcogenide was used immediately in the liquid ammonia metathesis reactions without exposure to air.
Caution : Liquid ammonia generates a pressure of about 7 atm. at room temperature. Care should be exercised in the use of liquid ammonia in thick walled glass vessels. All reactions should be conducted behind a safety screen with blast proof netting around the reaction vessel.
RESULTS

Synthesis of chalcopyrites (groups 11-13-16 and 11-15-16 ternary chalcogenides)
Chalcopyrite-type ternary materials of general formula ABE 2 (A = Cu, Ag; Β = Ga, In; Ε = S, Se) were successfully prepared by solvent mediated metathetical reactions of sodium chalcogenide (Na 2 S, Na 2 Se) with the appropriate metal halides (CuBr, AgF, GaBr 3 , InCl 3 ). The reactions are described by equations 1 and 2. XRD data is represented in Table 1 . Figure 1 Some structural analogues (copper antimony chalcogenides) were synthesised under similar reaction conditions, as described by equations 3 and 4. Two common stoichiometrics were obtained for copper antimony sulfide. XRD data of the materials is given in Table 2 . XRD patterns obtained after annealing the isolated product are shown for Cu 3 SbS 4 (figure 2) and CuSbS 2 .
CuBr {s) + SbBr 3(s) + 2Na 2 E (s) -» CuSbE 2(s) + 4NaBr (s) (E = S, Se, Te)
Where Ε = S: an inhomogeneous mixture of Cui2Sb 4 Si 3 (tetrahedrite, major phase) and Cu 3 SbS 4 (famatinite, minor phase) was characterised by XRD.
Condensation of ammonia over disodium chalcogenide led to partial dissolution, resulting in characteristic colours of the ammonia solution (blue for Na 2 S, red for Na 2 Se and mauve for Na 2 Te). In the majority of cases, completion of the reactions in liquid ammonia at room temperature resulted in the product material being suspended in a colourless liquid. However, it should be noted that the reagents were not observed to fully dissolve before precipitation of the products, suggesting that the bulk of the reagents react in the solid state Reaction times, although varied, were all observed to reach completion within one hour, with the exception of CuFeS 2 where the reaction was left for 36 h. a. Reagents (expressed with molar ratios) stirred in liquid ammonia at room temperature for 36 h. b. Phases characterised by X-ray powder diffraction prior to work-up of reaction product. c. Phases characterised by X-ray powder diffraction after annealing at 200-250 °C for 48 h. All minor phases (< ca. 10 %) represented by square brackets, and were characterised using standardised spectra. 13 Mineral structures named in italics. d. Unit cell parameters were determined for the ternary material only.
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-ι- and aggregates of spherical, black particles. X-ray powder diffraction studies of the unwashed reaction products showed only the presence of the co-produced, sodium halide salt, suggesting that the metal chalcogenides formed X-ray amorphous black material. Repeated washings with distilled water (3 χ 20 ml) lead to the removal of this salt, along with any unreacted reagents. SEM studies of the X-ray amorphous material showed aggregated structures, typically of a few hundred nanometres in diameter. FT-IR analyses showed absorptions at 600-200 cm' 1 , which have been assigned to metal-chalcogen vibrations. Elemental analysis showed no significant Ν or Η content (< 1 %), suggesting the absence of ammonia adducts and metal amides. Annealing the purified products at 200-250 °C for 3 h allowed full characterisation by XRD, which generally confirmed a single phase, crystalline product of the desired stoichiometry (Tables 1, 2 ). The Bragg peaks of these annealed materials showed significant broadening, corresponding to an average particle size of 52.3 -64.6 nm (derived from Scherrer equation). 15 EDXA studies of the annealed, chalcopyrite materials showed elemental compositions and distributions in accordance with the XRD characterisation (to within an accuracy of ± 2 -3 % atm; Table 3 ). Annealing of the isolated black material at 200-250 °C for 3 h showed very little variation in either the initial percentage composition of the two phases or their relative abundance. SEM / EDXA analysis of purified CuFeS 2 showed the presence of 2 phases ( Table 3 ). The major (ca. 90-95 % of surface) phase showed an elemental composition in good agreement with the target stoichiometry (± 1%) over many surface spots. The minor phase showed a consistent deficiency in the percentage of iron of ca. 20 % with respects to copper, with similar percentages of copper and sulfur. XRD analysis of the annealed material allowed complete characterisation of the major product as CuFeS 2 ( Table 2 ). The spectrum for the minor phase is in good agreement with the standard pattern for Cu 5 FeS 4 (bornite). a. Reagents (expressed with molar ratios) stirred in liquid ammonia at room temperature for 36 h. b. Phases characterised by X-ray powder diffraction prior to work-up of reaction product. c. Phases characterised by X-ray powder diffraction after annealing at 200-250 °C for 48 h. All minor phases (< ca. 10 %) represented by square brackets, and were characterised using standardised spectra. 1 ' Mineral structures named in italics. d. Unit cell parameters were determined for the ternary material only.
The mode of addition of the reagents also appears to be important in the synthesis of ternary materials from binary reagents. Initial reactions in the formation of CuInSe 2 were carried out by adding the metal halides individually to the partially solvated disodium selenide. The product was characterised by EDXA as a mixture of both binary copper selenide (CuSe) and a copper deficient ternary phase (Table 3) .
After the described work-up and thermolysis, XRD studies confirmed the presence of CuIn 2 Se 3 5 ( Figure 3) , with the binary material remaining X-ray amorphous. This suggests that the reaction begins upon addition of the metal halides to the ammonia solution, and so efficient pre-mixing of both the halide precursors and rapid stirring of the reaction mixture is important if the synthesis of a single phase, ternary material is to be obtained. Similar results were observed for the initial reaction carried out for AgInS 2 , which produced a reaction mixture containing AgIn 5 S 8 and Ag 2 S. 
Synthesis of metal aluminium chalcogenides and mixed (transition) metal chalcogenides
The synthesis of materials adopting non-chalcopyrite structures was also tried under similar reaction conditions. Attempts at making spinels of general formula AB 2 E 4 (A = Zn, Cd; Β = Fe, Cr, [V]; Ε = S, [Se]) were attempted through the stoichiometric addition of an intimate mix of AC1 2 and BCI 3 to a liquid ammonia solution of Na 2 E. Similarly, the synthesis of mixed cadmium mercury tellurides (substitutional solid solutions described by the general formula Cd x Hg y Te 2 ; Σ(χ, y) = 1.00) was undertaken for stoichiometrics of χ = 0.25, 0.50 and 0.75 through the addition of an intimate mix of the metal (II) chlorides to a liquid ammonia solution of Na 2 E. Chalcopyrites of general formula AA1E 2 (A = Ag, Cu; Ε = S, Se) were also attempted via the addition of an intimate mix of A1CI 3 and AgF / CuBr to liquid ammonia solutions of Na 2 S / Na 2 Se. Phase segregation was observed for the reactions of spinels and cadmium mercury telluride, resulting in the formation of two binary metal chalcogenides (equations [5] [6] [7] [8] . Metal aluminium chalcogenides proceeded via a partial redox reaction resulting in the formation of a mixture of group 9 chalcogenide, elemental aluminium and chalcogen (equations 9, 10). For all reactions, the initial XRD pattern of the as made product showed only the formation of the co-produced salt (NaCI), suggesting that a metathetical reaction had occurred. However, removal of the salt by trituration with distilled water afforded a black, X-ray amorphous powder whose SEM / EDXA analysis showed the presence of multiple phases with differing elemental ratios, suggesting formation of a mixture of binary chalcogenide material; Table 3 . Annealing the powders (200-250 °C, 3h) induced sufficient crystallinity to allow full characterisation by XRD. In each case, the cell parameters for the binary materials prepared in both reaction schemes compare well with the mineral structures, 14 suggesting that two discrete binary materials are present, with no significant doping of metal in Ivan P. Parkin et al.
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Discussion
The ternary transition-main-group chalcogenides successfully synthesised offer a range of both stoichiometrics and phases. With intimate mixing of the metal halides prior to addition to liquid ammonia, metathetical reactions afford materials adopting the chalcopyrite structure of a single phase (equations 1-4) . The reactions show tight stoichiometric control, with the product composition reflecting the molar ratios of the reagents. However, whilst it was possible to form two discrete general formulas of copper antimony sulfide (CuSbE 2 and Cu 3 SbS( 3+x) , equations 4,5), two distinct phases of Cu3SbS( 3+x) adopting common mineral structures were accessible under the ambient reaction conditions employed -tetrahedrite (x = 0.25) and famatinite (x = 1). These results highlight the fact that salt balanced, liquid ammonia mediated, metathesis reactions may result in multiple phases.
Previous research has shown it to be difficult to maintain the stoichiometry of CuInE 2 during its deposition into thin films (notably during deposition from the vapour phase). 16 As a result, copper deficient films can result. Metathetical studies of the bulk material in both the solid state 12 and non-coordinated solvent at reflux (toluene) 9 have shown that such reactions do not produce copper deficient species. In the absence of any appreciable solubility of the reagents in toluene, solvent mediated reactions can be described as a slow solid state reaction, which is thermally assisted by the solvent. Long reaction times (72 h) are required for the solid state diffusion barrier to be overcome, owing to the calculated exothermicity of the reactions lying below the threshold required for a propagation wave. 9 Therefore, the materials formed are the kinetic products of the reactions, their formation being preferred over phase segregation that would result in thermodynamically more stable products. It is not surprising, therefore, that the comparative solvent mediated reactions in liquid ammonia (carried out at significantly lower temperatures) should also yield the same stoichiometrically exact products. When comparing the results obtained from liquid ammonia to those of toluene, 9 the comparative decrease in reaction time (< 1 h compared to 72 h) and reduction in reaction temperature (25 °C compared to 110 °C) may be a result of the partial dissolution of the reagents. Solvated disodium chalcogenide solutions are believed to contain fully dissociated sodium and chalcogenide ions (Na + , S 2~ and Se ). 17 It is also known that the dissolution of certain metal halides to ammonia results in characteristic colour changes through the formation of metallo-ammonia adducts (Cu(NH 3 ) x Br y , Ga(NH 3 ) x Br 3 ). This would lead to a dramatic lowering of the same energies of activation, thereby allowing the reactions to occur at an accelerated rate at ambient temperatures.
Notable exceptions to the formation of group 11-13-16 chalcopyrites are the reactions involving aluminium halide (equations 9, 10), where preferential formation of group 11 chalcogenides is observed. This shows a limitation of this synthetic route to the formation of aluminium doped materials (such as GaAlAsSb).
1 Such phase separation to binary transition metal chalcogenides is also observed for the ternary materials adopting a different structural type (spinnels, equations 5-7; wurtzite solid solutions, equation 8). Zinc and cadmium chalcogenides adopted familiar mineral structures. Both iron sulfide and vanadium selenide adopted both the mono-and dichalcogenide phases previously observed in solid state metathesis reactions. 18 The metals adopted the same structures for CdTe and HgTe as have been observed in the synthesis of these binary materials in liquid ammonia by both metathetical 19 and elemental combination routes. 20 It appears that the reaction products reflect the most thermodynamically stable (binary) phases allowed by the stoichiometric ratio of the elements. Pre-annealed XRD patterns showed the presence of coproduced salt and the absence of unreacted metal halide, suggesting that metathesis had occurred.
In some cases where phase segregation has occurred the overall reaction can be described as both metathetical and reduction-oxidation. Binary CuE (rather than Cu 2 E) was produced from the reaction of CuBr and Na 2 S in equation 3). The annealed spectra of AgAlE 2 show the metathetical formation of binary group 9 chalcogenide. The production of chalcogen and aluminium suggests elemental reaction intermediates. This is supported by the reaction of chromium (III) chloride, where two molar equivalents of chromium (II) sulfide (CrS) were synthesised with the corresponding oxidation of one molar equivalent of S 2 " to elemental sulfur (equation 8). It is likely, therefore, that these materials result from elemental intermediates in the reaction rather than by direct metathetical exchange of the ions.
When comparing these metathetical reactions to elemental combination routes mediated under the same reaction conditions in liquid ammonia, 20 metathesis offers greater particle size restriction (aggregates of a few hundred of nanometres rather than 5-8 microns).
Restriction in particle size
Neither FT-1R nor XRD analyses support the hypothesis that the particle size restriction observed resulted from the capping of nanoparticulate clusters by coordinating solvent (ammonia) molecules.
Ammonia would be expected to cap clusters via ammonolysis of terminal metal-halide bonds, with the formation of a crystalline co-produced salt (ammonium halide). Subsequent washing with an excess of water may lead to incorporation of the hydroxyl group into the material which, after annealing, would result in metal oxide formation. XRD studies show neither the presence of ammonium salt in the unwashed product nor any metal oxide / hydroxide in the annealed material. In addition, FT-IR studies fail to show the stretching frequency characteristic of either metal-amine or metal-hydroxy functionalities in the pre-annealed material. It is likely, therefore, that the leading reaction mechanism is solid state metathesis compared to an approach inclusive of ammonia coordination. Consequently, particle size restriction is likely to result from the absorption of reaction enthalpy. The reaction temperature is limited both by the high specific heat capacity of liquid ammonia and the reduced thermal mass of the reaction mixture (arising through effective dispersion of insoluble particles in a largely unreactive solvent). This would result in a reduction in product annealing and so an effective restriction in particle size.
Conclusions
Solution phase metathetical reactions of low valent metal halides with the appropriate sodium chalcogenide (Na 2 E) in liquid ammonia at room temperature, affords a convenient, single step route to a wide range of bulk ternary chalcopyrite materials in good yield (>95 %). These include the synthesis of high quality ternary I-III-VI 2 materials. Compared to conventional syntheses of the bulk material (elemental combination), this route offers significantly lower reaction times (< 1 h compared to ca. 3 days) as well as lower temperatures (ca. 25 °C compared with ca. 1150 °C). Restricted particle size and range is also achieved owing to the liquid ammonia acting as a heat sink to absorb reaction energy. Moreover, this 'solvent effect' enables X-ray amorphous materials to be produced which can be easily converted to a crystalline single phase by annealing at relatively low temperatures for short time periods (200-250 °C, 3 h). With prudent reagent preparation, this route leads to neither metal deficient nor metal rich ternaiy materials (such as CuIn 5 S 8 , AgIn 5 S 8 or Ag 9 GaSe 6 ). Within the short reaction time required for these reactions to occur, we believe that the products formed are the most kinetically stable for this reaction system. The necessity for salt balanced equations results in tight stoichiometric control. The use of metal precursors reduces the dependency of the reaction upon the chalcophilicity of the metal. Thus, a wider use of transition metals was employed than in our previous work with elemental combination reactions in liquid ammonia. 20 This synthetic approach does, however, seem to be highly selective in the type of material structure synthesised. Often complete phase segregation can occur, resulting in the preferential formation of binary transition metal chalcogenides.
